Outline Introduction
Plasmons are defined as the classical oscillation of the free electron gas density in a metal. The oscillating field of electromagnetic radiation causes plasmon modes to propagate on the surface in a phenomenon known as surface plasmon resonance (SPR).
Classically, the electrons can be thought of as an incompressible fluid and the SPR likened to a wave in this fluid. In this analogy, the incident light can be thought of as a "rock" hitting a "pond" of electrons. For metal particles on the order of or much smaller than the wavelength of incident light, the electrons collectively oscillate in what is termed a localized surface plasmon resonance (LSPR). On resonance, the extremely high confinement of the electromagnetic energy in and around the nanoparticle results in intense electric field enhancements. ' For these small particles, off resonant optical extinction cross section is smaller than the cross section of the particle itself due to diffraction (Figure 1 A) . On resonance, however, the extinction cross section can be larger than the physical cross section ( Figure IB) . The dashed line in Figure IB is the effective size of the particle when on resonance. The extinction cross section represents the total quantity of light removed from an incident plane wave. This occurs due to absorption and scattering, each of which have a corresponding cross section (Figure 2 ). Figure 2 Schematic of an electromagnetic wave incident on a small gold sphere. Some of the incident radiation is absorbed by the particle, some is scattered, and the remainder continues traveling in the kdirection.
Incident plane wave nanosphere
Noble metal nanoparticles and nanostructures exhibit LSPR at visible and nearinfrared frequencies. The resulting strong absorption, bright scattering, and enhanced near fields have generated great interest in these materials for applications in sensing, biomedical therapies and diagnostics, and nanophotonic circuits. 3 
"
6 Nanoparticle plasmon resonances can be characterized by a number of techniques, including ensemble spectral extinction measurements, 7 single particle spectral scattering measurements, 8 " 18 near field optical microscopy.
19, 20
electron energy loss spectroscopies,
21, 22
and cathodoluminsecence. 23 ' 24 While these are well suited to measuring the resonant wavelength and spectral width, there are few reports on the precise experimental characterization of the amplitude of the resonance, which corresponds to the cross section 25, 26 Such characterization could be valuable for determining nanoparticle concentrations, predicting heat generation and scattering signals, testing the accuracy of
numerical simulations, and possibly evaluating near field enhancements. ' For intracellular imaging applications, particles need to be small enough to penetrate the cell
wall, yet scatter a sufficient amount of detectable light. By quantifying the scattering cross section of different shaped nanoparticles, it will be possible to make particle choices that are application specific.
Single nanoparticle studies are particularly powerful for characterizing plasmon resonances since they avoid the confounding effect of nanoparticle heterogeneity. They are often carried out by dark field microspectroscopy at high numerical aperture (>0.5),
and have been applied to a variety of complex nanoparticle shapes for fundamental studies of the nature of the plasmon resonance. " In their seminal paper, Schultz et al used single silver nanoparticles as specific biological labels for microscopic imaging, and estimated a single nanoparticle to provide approximately 10 6 more signal than a fluorescein molecule and approximately 10 more signal than a quantum dot. The past decade has seen major advances in the synthesis of gold and silver nanoparticles with complex shapes and sizes that have also been considered for biological labeling.
However, the measurements and estimates quoted above were for an 80 nm diameter silver nanoparticle, and the scattering signal from other plasmon resonant nanoparticles varies widely. The scattering cross section is strongly dependent on the nanoparticle size and shape, the peak resonance wavelength, the spectral variation of the metal dielectric properties, and the refractive index of the medium. In fact, the peak total scattering cross section for gold and silver nanospheres between 10 and 100 nm diameters varies over five orders of magnitude ( Figure 3 ). Wavelength (nm) Figure 3 The total scattering cross section for gold nanospheres in a medium of refractive index 1.515.
The scattering signal collected in imaging applications will depend on the illumination angle and differential scattering cross section integrated over the solid angle of the imaging lens, so predictions based on the total scattering cross section can be misleading. While there have been some numerical simulations of the effect of nanoparticle size and shape on the magnitude of the scattering cross section, " the lack of direct experimental comparison has left plasmon resonant nanoparticles' scattering properties ambiguous and at times perhaps even overstated. We present an effort to quantify the scattering from plasmon resonant nanoparticles with complex shapes by dark field microspectroscopy.
Background and Theory

Scattering Cross Section of a Sphere
The problem of scattering from a sphere due to an incident plane wave can be solved analytically. Following Bohren and Huffman, a realizable time-harmonic electromagnetic field in a linear, isotropic, homogeneous medium must satisfy the wave equation:
where k =co e|x, and have no divergence:
Additionally, E and H are not independent:
We can construct vector functions which satisfy these requirements: In spherical coordinates, (p is of the form:
Inserting this into the wave equation in spherical coordinates, we have 3 separated equations:
where m and n are integers. The incident plane wave is expressed in spherical coordinates as After imposing particle boundary conditions and the orthogonality of the vector harmonics, we arrive at an expression for the scattered fields. 
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The elements of the scattering matrix are known as the Stokes parameters. Our experiments are done with unpolarized light, for which the state vector is (1 0 0 0), so we are only interested in the Stokes parameter S n = -= -(|S,| + |S 2 | j, where /is simply the irradiance. Here we are interested in differential cross sections, which are experimentally relevant: --= r 2 S u . The scattering parameters Si and S2 incorporate the angular dd functions defined as n" = P'jsmd and r" = dP'"/dd where 9 is the polar angle of the scattered light relative to the incoming wave vector,
Using these expressions, we arrive at the differential scattering cross section:
where k m is the wavenumber of the light in the surrounding medium (k m =2im m l'K), and X is the vacuum wavelength. The sums over n are over all multipole excitations. The total scattering cross section is expressed as:
A MATLAB program was written to calculate the differential and total scattering cross sections of spherical particles of a chosen material in a defined dielectric medium and perpendicular (green) to the scattering plane. As particle size increases, however, a larger fraction of the total scattering is in the same direction as the incident light (forward scattering). With the incoming light is along 0°, the plots in Figure 5 
Approximations and Extensions to the Mie Solution
The total cross section expressions from the Mie solution can be simplified by assuming particles that are much smaller than the wavelength of the incident light.
Sometimes referred to as "the dipole approximation", the small particle approximation not only omits all but the n = 1 term in Equation 5 (dipole term), but also assumes that (kr « 1). In this case, only the first few terms in the power series expansions of the spherical Bessel functions are significant. The Mie solution for the total scattering cross section reduces to: where V is the nanoparticle volume, e m is the dielectric function of the medium, and e; + 1S2 is the complex dielectric function of the nanoparticle. Note that complex refractive indices are often used to express the full Mie solution, but approximations for small particles are most succinctly written with the corresponding dielectric functions.
The Mie solution can be extended to spheroids in this small particle limit, yielding the following expression, known as the Gans Solution:
where Pj are depolarization factors which depend on the nanoparticle aspect ratio (small particle approximation) for 10, 60, and 100 nm diameter gold nanospheres. The MATLAB program in Appendix B was used for all calculations in this section. The small particle approximation is quite accurate for the 10 nm diameter nanosphere, it is blueshifted but of similar magnitude for the 60 nm sphere, and it is completely inaccurate for the 100 nm sphere Wavelength (nm) Figure 6 The total scattering cross sections for gold nanospheres calculated by the full Mie solution (blue) and the small particle approximation (orange) for 10 nm (A), 60 nm (B), and 100 nm (C) diameter gold nanospheres.
It should be noted that referring to Equation 6 or a similar expression for the extinction as "the dipole approximation" is a bit of a misnomer. If we calculate the scattering cross section using only the dipole term (Equation 4, n=l), the calculations agree with the full Mie expression (summing over all multipole terms) for spheres larger than 1 OOnm ( Figure   7 ). It is the small particle approximation which simplifies the expression, and which makes the solution valid only for particles below 100 nm diameter. If such simulations were designed to also report scattering cross sections, they could be quantitatively compared to the experimental observations described here.
As shown above, the Mie solution including angular dependence is the only analytical solution applicable to the problem of single particle scattering in the dark-field geometry for particles in the 50-100nm range. Therefore, this solution can be used to calibrate dark-field measurements with spheres to obtain the scaling constant between the scattering cross section at the angle of the objective and the CCD counts per second.
After finding this constant for a specific microscope system, the constant can be used to find the scattering cross section at the angle of the objective of arbitrarily shaped particles.
Dark-field Microscopy
The epi-illuminated dark field imaging geometry is illustrated in Figure 8 We refer to this integrated value of the differential cross section as a 0 bj. When the scattered light reaches the CCD, it will generate a count rate that is proportional to & sca ,
and therefore proportional to a 0 bj. For the dark field microscope objective used here (Zeiss LD Epi-plan 50x/0.5), the angle between the annular illumination and the optical axis of the objective lens is 45 degrees, and the numerical aperture of the objective indicates that light is collected into a 30 degree cone. The corresponding scattering diagram is shown in Figure 8B . If the optical axis is now taken to be along the incident illumination direction, one sees that the differential scattering cross section measured is backscattering approximately 225 degrees from the incident direction.
To achieve experimental conditions that match Mie scattering theory (see Figure   8A ), nanoparticles were deposited onto glass substrates and covered with index matching oil and a cover slip so that the nanoparticles were in a homogenous dielectric medium rather than at a dielectric air-glass interface. The objective lens is not designed for oil immersion, but since it has a long working distance (6.7mm), it images well through the thin cover slip and oil layer (0.2 mm). The air-glass dielectric interface, although now separated from the nanoparticle, will affect the incidence and scattering angles. By approximating the imaging system with geometrical optics, the scattering angle 8 was calculated to be 207 degrees. Since the illumination and light collection occur around the optical axis of the objective, the CCD signal is proportional to the azimuthally-averaged differential section around a 0 bj, as illustrated in Figure 8B . For a nanoparticle with azimuthal symmetry (such as a nanosphere), this azimuthal dependence can be ignored.
Methods
Sample preparation
Gold nanospheres (Ted Pella) were deposited sparsely on a glass substrate ( Figure   9A ). In order to correctly characterize each particle the location needed to be verified. An indexed TEM grid was placed on top of the slide then chrome and gold were evaporated onto the slide. After removal of the TEM grid, bare glass with particles is left in the covered areas ( Figure 9B ). Individual, isolated gold nanospheres were found and confirmed by correlated atomic force microscopy (AFM) and dark field imaging. Before measuring the single particle spectrum, index-matched oil was dropped on the slide, covered with a cover slip and sealed ( Figure 9C ). Figure 9 Schematic of nanoparticles face-down on a glass substrate (the dark-field illumination and detection below the substrate) (A). An index TEM grid is placed on the substrate (particle side) and a gold film is evaporated onto the surface, leaving some particles on bare glass after the removal of the grid (B). The particles are immersed in oil (grey) and covered to create an effectively continuous dielectric medium (C).
Following oil immersion, the spectrum of individual particles was measured with the dark-field microspectrometer. Figure 10 shows the dark-field image of a single particle on glass within the indexed TEM grid. The particles were isolated in a horizontal slit, then the mirror reflecting light into the CCD was changed to a diffraction grating in order to measure the particle spectrum.
Figure 10
A dark field image of the particle substrate with the index grid. The green point is a single gold nanoparticle.
Data analysis
An example of a CCD image using the diffraction grating is shown in Figure 11 .
The bright line near the center of the image is the image of a single gold nanospheres dispersed in wavelength along in the vertical direction. The particle is isolated in a horizontal slit. The vertical axis is the wavelength of the scattered light at that particular position along the slit. The bright objects near the edges are due to the scattering of the alignment marks. These images were processed in MATLAB (Appendix C) in order to obtain a spectrum. Based on the image, the data analysis program asks the user to specify the particle position and width in pixels over which it sums the intensity. The background near the particle is fit to a polynomial of an order specified by the user and is subtracted from the particle signal. The result after the user enters the integration time of the image is the CCD counts per second as a function of the wavelength. Figure 12A displays the dark field spectral scattering rate for nanospheres that are 79 nm and 109 nm in diameter with the AFM images inset. For calibration, the differential scattering cross sections of the spheres were calculated from Mie scattering theory. The calculations included the first ten terms, and were integrated over the solid angle of the microscope objective to find <Jobj-The resulting cross sections are plotted in Figure 12B . The relative spectral magnitudes of the count rates and Mie calculations match quite well. Figure 12C displays the spectral "scattering constant" for the dark field microspectrometer, K a , found by dividing the count rate by <j ob j at each wavelength. Error bars, determined from the experimental CCD counts in Figure 12A , are included. Since Kx is simply a calibrated spectral efficiency of the dark field microspectrometer and independent of the sample, the 79 and 109 nm diameter nanoparticles yield similar curves ( Figure 12C ). Kx can therefore be used to convert CCD count rates to cross sections for other nanoparticle shapes.
Measurements on nanorods and bipyramids were analyzed with an average of the two curves presented in Figure 12C . 
Application to other particles
Gold bipyramid
Gold bipyramids have the shape of two elongated pentagonal pyramids connected at their bases. Bipyramids are synthesized by surfactant-directed growth (as are gold nanorods), but are much more monodisperse and generally larger in size. 18 An individual 135 x 53 nm bipyramid was located relative to alignment marks and characterized by environmental scanning electron microscopy (ESEM). The bipyramid was then immersed in oil, located in the dark field microspectrometer and its spectral count rate recorded.
The spectral scattering constant was applied to convert the data to the a 0 bj presented in Figure 13 . As mentioned above, a 0 bj represents the azimuthal average of the bipyramid differential cross section integrated over the objective lens's solid angle. The peak 16 
»
scattering cross section to the objective is 1.2 x 10" m , and the narrow spectral width is 1St consistent with previous reports of single bipyramid spectra.
In addition to the cross section, Figure 13 displays a 0 bj for a sphere of the equivalent volume calculated from the full Mie solution as in Figure 12 . Under the imaging conditions reported here, the bipyramid is approximately two times brighter than its equivalent sphere.
400 450 500 550 600 650 700 750 800 Wavelength (nm) Figure 13 The measured gold bipyramid scattering cross section (red) and the calculated cross section for a gold sphere of equivalent volume (green). The inset shows an ESEM image of the bipyramid on glass (scale bar is 100 nm).
Gold nanorod
In an attempt to measure single nanorod scattering, we have found a that nanorods (up to 50 x 15nm) do not scatter sufficiently to be detected by dark field microscopy at NA=0.5 with a halogen lamp illumination. 38 Figure 14 shows AFM images (A and B) of a single gold nanorod. Using two detectors, a high sensitivity CCD (C) and a color CCD (D), the individual particle does not scatter a detectable amount of light. These small, dim particles, however, can be imaged by more sensitive methods such as confocal reflectance In order to measure the differential scattering cross section of a single nanorod by dark field microscpectroscopy, an isolated patch of nanorods was created by scratching a nanorod film. The one micron square patch contained 28 isolated nanorods with an average size of 40 x 13nm, as determined by AFM. The dark field scattering rate was analyzed as above and divided by the number of nanorods in the patch to obtain the average cross section of a single nanorod ( Figure 14) . The nanorod, being much smaller, is 100 times less bright than the bipyramid in the dark field microscope. The peak is broadened due to the presence of various shapes of nanorods in the patch, which were found to have lengths ranging from 33 to 57 nm and diameters ranging from 10 to 15 nm.
The noise in the measurement is a result of being at the lower detection limit. For an ellipse of this size, the single particle approximations that are included in the Gans expression is correct to within 10%. Figure 15 shows the Gans solution total scattering cross section averaged over all illumination angles and nanorod sizes from the patch in Figure 14 . After fitting the average Gans solution to a Gaussian distribution, we find that the ratio between the scattering peak of the elongated particle and the spherical particle is approximately equal to the value we measured for <r 0 bj (~7.5). Therefore, for particles of this size, the total scattering cross section is an accurate predictor of the relative contrast in dark field microscopy. For larger particles of complex shapes, however, it is likely that this relationship does not hold. Small particles tend to scatter in a dipole pattern, regardless of their shape. As particle size increases the angular scattering becomes less of a dipole pattern and exhibits more forward scattering. Particle shape will change this far-field scattering pattern in a way that cannot be described with simple analytical expressions.
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Wavelength (nm) Figure 15 The average total scattering cross section calculated with the Gans Solution for the various sizes of nanorods in the spectrum measured in Figure 14 (fine line) with a Gaussian fit to that curve (dashed line) along with the total scattering cross section for a sphere of the equivalent average volume (bold line).
Discussion
Our measurements show that elongated plasmon resonant nanoparticles scatter more brightly than their equivalent volume spheres. This is due to the reduced plasmon damping in gold at the near-infrared wavelengths of their peak plasmon resonance.
However, many other factors may affect the observed scattering signal, such as the increased wavelength, polarization dependence, and angular pattern of the scattered light.
The Gans solution is only applicable to very small particles, therefore, in addition to the shape mismatch, it is of no use in predicting bipyramid scattering. here, but that is certainly not a lower limit. Transmitted illumination dark field microscopy with both oil immersion condenser and objective generally provides more signal (due to the higher NA) and a darker background. Also, this geometry will capture scattering in the forward hemisphere, which is predominant for larger nanoparticles.
However, this imaging mode may prove more difficult to calibrate since the illumination is manually aligned.
Conclusion
The spectral scattering for a NA=0.5 dark field microspectrometer was calibrated using measurements on gold nanospheres and the corresponding full Mie theory solution.
The calibration was applied to gold nanorods and bipyramids to quantitatively characterize their spectral scattering properties. These results show that elongated particles scatter strongly for their volume and are ideal for many applications which require small, bright nanoparticles. The brightness of small elongated nanoparticles can be accurately predicted by simple small-particle formulas for the total scattering cross section. Larger particles, however, would be best treated with numerical calculations.
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